The influences of metal cations on the corrosion of mild steel in 10 mM Cl -aqueous solutions were investigated by electrochemical techniques and immersion tests. Immersion tests and electrochemical impedance spectroscopy (EIS) results showed that Zn 2+ has a significant effect on corrosion inhibition. Surface morphological inspection also showed the smooth surface of specimen immersed in Zn 2+ containing solution. Analysis of X-ray photoelectron spectroscopy showed that Zn 2+ was incorporated in the oxide films by making a strong bond. It is supposed that Zn 2+ forms a very effective shielding film which can inhibit the electrochemical reactions, and consequently lowers the corrosion rate.
Introduction
The stability of a metal when exposed to the environment depends on a multitude of factors that may vary greatly with the concentration of Cl -and SO 4 2-of that environment. Mild steel is very popular and widely used metallic materials, and the corrosion of this steel is a serious problem in water supply, storage tanks and circulating water pipes etc., and the corrosion behavior have been studied by many researchers [1] [2] [3] . The corrosion rate of mild steel can be accelerated by the presence of the compound that may contains Cl -and SO 4 2- [4] [5] [6] . Large amount of chlorine compounds (Cl 2 , NaOCl, Ca(OCl) 2 etc.) are used as disinfectants in the waste water treatment and bleach for both domestic and industrial purposes. These compounds are also widely used to disinfect drinking water and swimming pool water, and to control bacteria and odors in the food industry [7] [8] [9] . Enormous amount of chlorine compounds is also used in the laundry to bleach and wash the cloths. Chlorine compounds are listed as a known poison and it has an adverse effect on corrosion of the pipe line of water circulation system and other metallic equipment that exposed in that environment, and these compounds are dissociated into Cl -and OCl -in the aqueous solution as following reactions. 
The oxide layer (passive film) of the steel is generally destroyed by the penetration of Cl -in aqueous solution [4, [10] [11] [12] [13] . Fig. 1 (a) and (b) shows the penetration and film thinning mechanism of Cl -into the oxide films [14] [15] [16] [17] . After destruction of the passive films, the corrosion process starts with a coupled of electrochemical reactions [1, 2, 18] . 
Otani et al. [18, 19] , Kato [20] and Takasaki [21] investigated the corrosion behavior of mild steel by emphasizing the effects of metal cations in model fresh water, and they found that Zn 2+ and Al 3+ have ability to inhibit the corrosion. Mahdavian et al. [22] investigated the corrosion inhibition of mild steel by some zinc complexes in sodium chloride solution. Prabhu et al. [23] investigated the corrosion behavior of metal surface treated with a new organic chelating inhibitor in acid solution. Jin-xia Xu et al. [24] investigated the steel corrosion in saturated calcium hydroxide solution with metal oxides and nitrates. For this reason, the effect of metal cations on the corrosion of mild steel should be considered in the Cl -containing aqueous solution. The effect of metal cations on corrosion of mild steel in 10 mM Cl -aqueous solution is not fully understood. Therefore, it is needed to clarify the effect of metal cations on corrosion behavior of mild steel in the solution that contains 10 mM Cl -at an equal level of pH.
Incorporation of the metal cations in the passive films would be significant to clarify the influence of metal cations on the corrosion of mild steel in the 10 mM Cl -aqueous solution.
categorized as hard acids therefore easily bond with hydroxyl groups on the mild steel. For this reason, the value of X indicates the tendency of formation of chemical bond between metal cations in the solution and hydroxyl groups on the mild steel surface. Therefore, HSAB concept is very useful for understanding the incorporation of metal cations in the oxide films [29] .
Based on the HSAB concept, hardness of metal cation, X was introduced to explain the corrosion behavior of metals in fresh water [27] . However, X is not suitable corrosion indicator regarding corrosion of metals in fresh water [18] . It is still unknown the possibility of X as an indicator for corrosion of metals in the 10 mM Cl -aqueous solution. The mechanism of corrosion inhibition of metal cations is also unknown. By considering the corrosion rate of mild steel that depends on the metal cations [18, 19] , Cl -concentration, pH [30, 31] and dissolved oxygen, the present research purpose is to find out the effects of metal cations on corrosion of mild steel, and the mechanism of corrosion inhibition in 10 mM Cl -aqueous solution at an equal level of pH.
In this experiment, comparative conditions were used to study the influence of metal cations on corrosion of mild steel in 10 mM Cl -aqueous solution. The fluctuations of environmental factors were controlled initially to obtain the effective influence of metal cations on corrosion. The influence of metal cations on corrosion of mild steel in the mentioned environment were investigated by electrochemical impedance spectroscopy (EIS), immersion tests, surface observation and analysis with scanning electron microscope (SEM), Energy dispersive X-ray spectroscope (EDS) and X-ray photoelectron spectroscope (XPS).
Experimental

Specimens
Mild steel sheets (7 × 7 mm in size and 0.7 mm in thickness) were used as specimens. The chemical composition of the mild steel is shown in the Table 1 . The methods used to prepare specimens for immersion tests and electrochemical measurements are shown in Fig. 2 . To make an electrical contact, a wire was connected with each specimen to perform the electrochemical measurements. All the specimens were molded in epoxy resin (Struers Ltd., EpoFix Resin).
The exposed surface of each molded specimen was grounded (Marumoto Struers S5629, LaboForce-3) with SiC abrasive papers from #400 to #4000 grit size, then finally polished by colloidal silica. Before the immersion tests, the specimens were taken out from the epoxy resin.
All the specimens were ultrasonically cleaned (SIBATA ultrasonic cleaner, SU-2T) in ethanol and then in highly purified water. The specimens were kept in a desiccator to avoid any type of contamination and humidity.
Solutions
Five different salt solutions, 10 mM NaCl (Na sol ), 0. concentration was adjusted to 10 mM by NaCl. In this study, Na sol was considered as a standard solution. Water used in this study was highly purified that was distilled two times and then further purified by water purifier (MILIPORE, Simplicity UV). All chemicals used in this study were special analytical grade and obtained from Kanto Chemical Co. Ltd.
Electrochemical reactions are mostly depended on the pH of the aqueous solution [30, 31] .
The pH of used solutions was controlled between 5.5 and 6.0 by 0.1 M NaOH ( Table 2 ). The pH measurement of the solutions before and after immersion tests were carried out using the pH meter (Eutech Instruments Pte. Ltd., Cyber-Scan 6000).
Immersion tests
Specimens were immersed in the solutions for 259.2 ks (3 d) at 25°C. The test performing bottles were open to the air during immersion tests. The mass of the specimens was measured using a micro-balance (METTLER TOLEDO MX5, Pro FACT) before and after immersion tests, and the corrosion rates were calculated from the mass variation using the equation (7). 
Where M 1 is mass before immersion (mg), M 2 is mass after immersion (mg), D is density of specimen (g/cm 3 ), S is surface area of specimen (cm 2 ) and t is immersion time (d).
Electrochemical tests
All the electrochemical measurements were carried out in a three-electrode system using a potentiostat (Pocketstat, IVIUM TECHNOLOGIES). Open-circuit potential (OCP) was measured for 1 h at 25°C and the potentiodynamic measurements were carried out in the cathodic and anodic direction with a scan rate of 1 mV/s. The cathodic and anodic scan was started separately to obtain the individual electrochemical properties of mild steel immersed in the corresponding solutions with metal cation. A platinum plate of 4 cm 2 and an Ag/AgCl electrode (SSE) immersed in a saturated KCl solution were used as counter and reference electrodes, respectively. The exposed surface area of working electrode in the solution was 49 mm 2 . EIS measurements were carried out in the frequency range from 10 kHz to 1 mHz, and a modulation amplitude of 10 mV. Reproducible data were acquired in all electrochemical measurements.
Surface observations and analysis
Surface morphology is the important criteria which reflects the corrosion behavior of the mild steel regarding the solution. Surface observation of specimen after immersion were carried out to clarify the variance of the specified corrosion behavior of mild steel in the different solutions of metal cation. Before and after the immersion tests, the surfaces of the specimens were observed by a digital camera (Nikon D80-DSLR), optical microscope (WRAYMER-G500) and Scanning Electron Microscope (SEM) using secondary electrons imaging (SEM, JEOL Ltd., JSL6510-LA). For SEM observation, the acceleration voltage of the electron beam was set at 10 kV in order to be sensitive to the morphology of the surface.
EDS analysis was carried out to analyze the surface composition of the specimen after immersion tests.
Surface analysis was carried out to clarify the situation of specimen surface after immersion in the solutions with different metal cation. The center area of the specimens after immersion was analyzed by X-ray Photoelectron Spectroscope (XPS, JEOL Ltd., JPS-9200) using a monochrome Al Ka X-ray source. Before the analysis, the immersed specimens were cleaned ultrasonically by ethanol and then in highly purified water. After cleaned, specimens were kept in a desiccator to avoid humidity and any type of contamination. The diameter of specimen analyzed by the XPS was 3 mm. The pH of the test solutions before and after immersion for 259.2 ks (3d) are shown in 
Results
Immersion tests
Electrochemical tests
Open-circuit potential (OCP) and potentiodynamic polarization
The open circuit potentials of mild steel measured in the solution of metal cations rapidly reach a stable value after around 3000 s of immersion ( Fig. 5 (a) shows lower current density as compared to the Na sol and Na sol shows the highest current density among used solutions both in cathodic and anodic polarization curves. For the other solutions of metal cation, there is no significant influences of cathodic and anodic reactions as well.
Electrochemical Impedance Spectroscopy (EIS)
EIS measurements were carried out to elucidate the initial corrosion behavior of the mild steel and the effect of metal cations on the properties of the protective layer. Fig. 7 shows the Bode diagram of (a) Impedance plots, (b) phase shift plots and (c) Nyquist plots of the mild steel in the solutions after immersion for 1 h, and impedance spectra depend on the kinds of metal cations. There was no rust formed during EIS measurements. The fitted lines calculated by
Randle's equivalent circuit model [34] [35] [36] are also shown in Fig. 7 , and the equivalent circuit model is shown in Fig. 7 (d) . All the spectra can be well described by equivalent circuit. This 
Where w = 2pf and f is the frequency in units of Hz. The value of CPE parameter, n varies from 0 to 1. When n = 1, the CPE behaves as a pure capacitor, and when n = 0, the CPE behaves as a pure resistor. The CPE parameters are calculated by using the equation (8) . The simulated values of CPE parameters are shown in the table 3.
The magnitude of impedance at low frequencies in Bode diagram implies the corrosion resistance of mild steel in the solution. Among five experimental solutions, Zn sol shows the larger impedance at low frequency ( Fig. 7 (a) ). Higher phase shift is observed for Zn sol (Fig. 7 (b)), and magnitude of each Nyquist plots are different depending on the solutions (Fig. 7 (c) ).
Larger magnitude of Nyquist plot is observed in the case of Zn sol among other solutions.
The (a) R sol , (b) R ct , and (c) Q as a function of X are shown in Fig. 8 . The R sol are not significantly changed with X ( Fig. 8 (a) ). Higher R ct is observed in the case of Zn sol ( Fig. 8 (b) ) than other solutions, and there are no significant influences for the other solutions. High R ct means that the mild steel has high corrosion resistance in the solution. This is supposed that Zn sol exposes the high corrosion resistance (R ct ) than other solutions. The value of Q is decreasing with increasing the value of X up to 5 and then the Q is again increasing with increasing the value of X (Fig. 8 (c) ). Zn sol shows the lowest value of Q than other solutions of metal cation (Table 3) . Q represents the structure of solution/metal interface and the area of defects in the protective film on the surface [19, 22] . Otani et. al [19] reported that the decrease in Q indicates that Zn 2+ can decrease the defect in the protective film on the mild steel.
Therefore, this result indicates that Zn sol has relatively perfect oxide film and narrow metal/solution interface area than other solutions.
The results of EIS and immersion tests showed that the corrosion rate of the mild steel decreases with increasing the value of X up to 5. In addition, the correlation coefficients of R sol vs X, R ct vs X, and Q vs X are 0.51, 0.15 and -0.01 respectively ( Fig. 8 (a) , (b) and (c)), and these values are too small to regard corrosion rate with hardness of metal cations, X. Therefore, the hardness of metal cations, X, is not suitable as a corrosion indicator of mild steel in 10 mM Cl -aqueous solution. The results obtained from EIS and immersion tests, suggest that Zn sol has the high corrosion resistance over other metal cations used in this study in 10 mM Cl -aqueous solution.
Surface observations and analysis
The results of immersion corrosion tests showed that the corrosion rates of the specimens after immersion for 259.2 ks (3 d) is different in each solution. The changes in the appearance of specimen surfaces were observed to clarify the situation. Specimen surface was first observed by optical microscope, and grain boundaries were observed. To be more clear about surface changes, observations were carried out by SEM. Fig. 9 shows the surface SEM images of specimen and quite different surface morphologies are observed for the different solutions. Fig. 10 . Left side of Fig. 10 shows the SEM image of EDS analysis area, and right side shows the EDS analysis result, and
SEM images depict the clear grain boundaries that is observed in
Zn is found on the mild steel surface after immersion in the solution.
The results of the immersion corrosion tests and electrochemical measurements suggest that the protectiveness of passive film may be affected by the metal cations in the solution. For better understanding the influence of metal cations and also the incorporation of metal cations on the surface film structure, the specimen surfaces after the immersion tests were investigated by XPS. Fig. 11 shows the XPS wide spectra of mild steel surface after immersion in the solution with metal cations. This figure clearly shows the peak of Zn2p1/2 and Zn2p3/2 after immersion in the Zn sol . Fig. 12 (a) shows the XPS narrow spectra of Na 1s and Fig. 12 (b) shows the Mg 1s, Zn 2p3/2, Al 2p3/2 and Zr 3d5/2 spectra in each solution. XPS analysis results show that there is no peak of Na 1s on the specimen after immersion in all solution suggesting that Na + cannot form any compound on the mild steel in the solution (Fig. 12 (a) ).
Clear peak is observed (Fig 12 (b) ) in the case of Zn 2+ among all experimental metal cations meaning that only Zn 2+ remains on the mild steel after immersion in the solution. Zn 2+ may precipitates as oxides or hydroxides [18, 19] and make a chemical bond with the oxide film of mild steel in 10 mM Cl -aqueous solution and forms a metal cation layer which inhibits the anodic and cathodic reactions, and protects the dissolution of metal [18, 19] . These results correspond with other tests like as immersion tests and electrochemical tests.
Discussions
According to the results in this study, the corrosion properties of mild steel significantly affected by metal cations in the solution. Electrochemical measurements showed that the decrease of corrosion rate of mild steel due to an inhibitory effect of both the anodic reaction of iron oxidation and the cathodic reaction of oxygen reduction. This inhibitory effect might be the consequences of metal cation that was incorporated on the oxide films of the metal surface and suppress the corrosion rate.
The structure of passive films formed on mild steels in neutral solution has been reported by many researchers by electron diffraction, and the passive films consist of Fe 3 O 4 and g-Fe 2 O 3 in neutral solutions [41] [42] [43] [44] . The possible corrosion mechanism of metal cations with the passive film of mild steel in the 10 mM Cl -aqueous solution is shown in Fig. 13 . Metal cations (M n+ = Na + , Mg 2+ , Al 3+ , and Zr 4+ ) are not able to make ( Fig.13 (a) ) any compound (precipitate) or unable to make any bond with the oxide film of mild steel ( Fig.13 (b) [45] . However, the oxides or hydroxides are not stable [45, 46] . Then Cl -can arrive on the metal surface through destroying the oxide films and initiate the electrochemical reactions.
Consequently, Al sol shows higher corrosion rate than Zn sol (Fig. 4 ) in this experiment due to the instability of the oxides or hydroxides that are formed on mild steel [45, 46] . (5)) to form hydroxides (reaction (9)) in the cathodic area due to locally high pH near the surface [33, 45, 47] . From the Pourbaix diagram, it is also known that Zn 2+ ([Zn 2+ = 0.1mM]) can precipitate as hydroxides on the mild steel at pH around 6 [45] .
The mechanism of corrosion inhibition is as follows:
The produced hydroxides can possibly bind in a chemical bond with the outermost layer of the oxide film of mild steel [45, 48] . Another possibility is that Zn 2+ directly makes a bond with OH -of oxide film (oxide film contains so many OH -) and thus form a metal cation layer on the oxide film ( Fig. 13 (c) ) [18, 19] . Several studies also have shown that metal cations that have large X can easily bond with OH -on the oxide film of mild steel [18, 19, 28, 29] . The anodic area may be smaller than the cathodic area and the zinc layer may also cover the anodic area.
Therefore, the metal cation layer of Zn 2+ would have good protective ability against the Cl -attack in the solution, and the protective layer would prevent the cathodic and anodic reactions ( Fig. 13 (d) ) on the mild steel [18, 19] . For this reason, the corrosion rate of the mild steel immersed in Zn sol was lower than those in other solutions with metal cations.
Conclusion
The effects of metal cations on mild steel corrosion in 10 mM Cl -aqueous solution were investigated by SEM, EDS, XPS, and EIS.
1. The corrosion behavior of mild steel in the 10 mM Cl-aqueous solution was changed with X, while corrosion rate was not highly correlated with X.
2. Different surface morphologies were observed by SEM, and it was found that some corrosion products were deposited on the surface after immersion in the Zn sol .
3. Among the metal cations used in this study, only Zn 2+ was detected by XPS on the specimen surface after immersion in the Zn sol .
4. Zn 2+ forms a protective layer with the oxide film of mild steel in the solution, and thus inhibits the electrochemical reactions, and consequently lowers the corrosion rate as well. Binding Energy (eV) Normalized intensity / a. u.
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